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OCULAR THERMAL INJURY FROM INTENSE LIGHT

HISTORY

Ocular injury produced by lnt-.nse light sources has troubled man for a
long time--prime examples of such concern being solar eclipse burns, snow

* blindness, glassblower's cataracts, and corneal injury from arc welding.
Flashblindness from large naval guns has also been a problem to the U.S.
Navy. The potential for corneal injury from solar radiation (specifically,
the ultraviolet (UV), during extravehicular activities) required NASA to pro-
vide the astronauts with helmets with adequate attenuation properties for the
lunar landings. The potential for retinal damage and flashblindness from the

* thermal emissions of nuclear detonations likewise required eye protection for
observers at the first detonation in 1945, and studies of retinal injury and
flashblindness were undertaken early in the weapons testing program, that fol-
lowed. Concurrently, Meyer and Schwlckerath developed the Zeiss Xenon Photo-
coagulator for treatment of eye disorders, particularly, detached retinae and
diabetic retinopathy. Currently, the Argon laser is a very effective light

* source in the treatment of such retinal problems.

About the mid-1950's, systematic laboratory studies of chorioretinal
burns began) at the USAF School of Aerospace Medicine (USAFSAM) and at the

i'- ° .

Medical College of Virginia under Air Force contract. The purpose of these
studies was to explore the eye hazards associated with nuclear detonations.
The subjects were rabbits, and a Zeiss Photocoagulator was the source. The
primary endpoint in these early studies was a "minimum" visible retinal
lesioi, with a threshold generally identified as the average of the lowest
retinal irradiance that produced a visible lesion, and the highest retinal
irradiance that did not produce a visible lesion--within 5 min. Also con-
sidered were such factors as image size, blood flow, ocular transmission,
enzyme inactivation, and light microscopy. In the mid-1960's, the U.S. Air

* Force, the Defense Atomic Support Agency (DASA), and contractors extended many
of these studies to primates (rhesus). Unfortunately, limitations on the
radiation sources available prevented systematic examination of spectral
effects, exposure durations less than approximately 1 msec, and retinal image

*sizes less than 75-100 pim. During this period, the primary mechanism for
retinal injury was almost iniversally considered to be thermal, or, for higher
exposure levels, the production of a steam bubble or explosion and resultant
mechanical trauma.

Shortly after the invention of the Ruby laser in 1961, studies of the
biomedical effects of laser radiation were conducted at the Medical College of

* Virginia and the University of Cincinnati under contracts with the U.S. Army
Surgeon General . Soon the U.S. Air Force also began laser effects studies
through its Oculo-Thermal Group--later the Laser Effects Branch--at USAFSAM.
In large part, the research performed by, or sponsored by, the Department of
Defense (DOD) through these Army and Air Force programs was the source of the
"American National Standards Institute (ANSI) Z136.1 Laser Safety Standard,"
which is the basis of the respective laser safety standards for the Armed
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Services, and of the "Bureau of Radiological Health (BRH) Laser Product Per-
formance Standard." Although these standards applied primarily to injury to
the retina, lens, and cornea, the potential for damage to human skin from
intense thermal radiation prompted studies of skin injury and consideration of
thermal mechanisms for skin burns.

The complexities of these standards stem directly from: the nature of
laser radiation; the kinds of interactions possible between biological tissues ..
and laser radiations; and the range of exposure conditions which can be en-
countered in the various applications for lasers. Despite the broad scope of
current standards, they are based largely on empirical data, and data are
still needed in several areas.

RETINAL THERMAL INJURY

Probably the most thoroughly studied mechanism of retinal injury is the
"thermal." This injury results from the absorption of energy by the retina
and choroid, after the energy has been focused by the cornea and lens. In
time, heat generated in the retina and adjacent structures diffuses away from
the area in which the image is focused. Heat will also be conducted away by
the flow of blood in the vascular bed. If the rate of heat dissipation from
an area is less than the rate of heat generation in that area, the temperature
will increase. If the temperature exceeds the biologic tolerances for the
area involved, then the result will be injury to the photoreceptors (rods and
cones), optical nerve tissue, and other structures in the retina and
choroid--with possible permanent loss of vision (Fig. 1).

VISUAL AXIS OPTIC AXIS

ANTERIOR CORNEACNANBEII. II

CLAMBER MUSCILE v.
CILIARY (( - -7

PROCESS A"_. .

VITREOUS ~SCLERA

, \ FOVEA
CENTRALIS

CENTRAL ARTERY / OPTIC NERVE

Figure 1. Schematic diagram of the eye.
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The degree of .isual impairment caused by a retinal burn will be depen-
dent on the size, severity, and location of the lesion. The size of the im-
age, which influences the size of a burn, in general depends on the size and
distance of the object from the observer. The severity of a burn depends, in
general, upon the amount by which the exposure exceeds the threshold expos-
ure. The location of the burn will determine the function affected. For ex-
ample, a large burn centered on the fovea will seriously affect visual acu-
ity and color vision. A small burn in the periphery will have significantly
less effect on visual acuity and, barring complications, could result in
a scotoma or blind spot that would not normally be noticed.

As shown in Figure 2, a burn exactly centered on the fovea and large
enough to include the central 2.5-degree visual field would reduce visual
acuity to about 57% of normal (20/35 on the Snellen scale). In theory, if the
central 10-degree visual field were destroyed, the acuity would be 29%
(20/70). If the central 20 degrees of vision were destroyed (an unlikely
occurrence), visual acuity would be reduced to approximately 20% (about
20/100). Shown in Figure 3 are typical thermal retinal lesions made by an
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Figure 2. V ual acu' °  distribution at the retina.
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image of uniform intensity and 0.5 mm in diam., while the typical
characteristics of a thermal lesion are illustrated in Figure 4.

Threshold Retinal Irradiance

The prediction model for thermal retinal injury used at USAFSAM by Allen
and Richey in 1958--revised and refined in the mid-1960's by Allen (1)--had as
its base the early experimental data developed with rabbits as subjects (2).

. These early data were followed later by primate data (3,4). These experimen-
* tal data consisted of threshold retinal exposures vs. exposure durations for

the production of "minimum" visible lesions viewed with an ordinary ophthalmo-
scope (Fig. 5). The light sources used in this early work, which preceded the

*development of lasers, were Zeiss Photocoagulators with infrared radiation
above 900 nm filtered out, The experimental results indicated an image-size

* dependence and, in general, agreed with the widely held view that the mecha-
nism involved in retinal injury was mainly thermal.

For this early prediction model, calculation of the retinal irradiance
used the following equation:

max.
H (t) f - ) NS(X,t)TA(X)TE ()dxr 12f (t)]2 X (1)E

min.

where

f(t) = f number of the eye
Xmir, max = minimum and maximum wavelengths radiated by

the source which reach the retina with energy
sufficient to contribute to heating

t = time
NS(x,t) = radiance of the source (cal/m 2-s)

TA() = atmospheric transmission
TE() = transmission of the clear media of the eye

Integrating the retinal irradiance over the exposure duration yields the
retinal exposure:

t
Q (t)df (2)

9
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This prediction model, which simply compared calculated retinal exposures as a
function of exposure duration and image size with corresponding measured
retinal threshold exposures, still serves well for many situations. However,
the empirical basis of this model limits its application to certain classes of
exposure conditions, and provides little insight into more complicated expo-
sure conditions.

I A B CD E
X..!

A = DEEP YELLOWISH- WHITE C = PALE GREYISH - WHITE

B = DARK GREY D = PALE PINKISH-WHITE

E = ERYTHEMA

Figure 4. Characteristics of circular thermal retinal lesions.
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Threshold Temperature

In the early 1960's Wray of DASA (5), and Vos of the Institute for -
Perception, Netherlands (6), independently developed "temperature" models
based on solutions of the heat conduction equation. In cylindrical

* coordinates, and assuming cylindrical symmetry, this equation takes the form:

ST L S(rz,t) K 1 3T K x 2T (3) -

at pC pC Lr r ar pC z2

where

T(r,z,t) = temperature rise (°C)

4 it = time (sec)

pC = volumetric specific heat (cal/cm3 - oC)

K = thermal conductivity (cal/cm - sec - 0C)

and,

xmaxr

S(r,z,t) = h (t, ) LX) (Xz) dX (4)
}mi n.

for

,(min, max) = minimum and maximum wavelengths radiated by the source

h(r) = normalized intensity profile of the image at the retina

H0 (t,x) = center retinal spectral irradiance (cal/cm2 - sec)

dX
- (A,z) = derivative of the transmission through the tissue (cm"')

dz

Assuming Lambert-Beers absorption, the derivative of the transmission
introduces different rates of absorption in the pigment epithelium (B1(x)) and

*.-'. chorold (8 2 (A)), as follows:

SdX (X(x) for the pigment epithelium (P.E.) (5)

and

12
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" (zX )] 2 (X)edl(82() " B1(A)) -022(Xe (6)

for the choroid, where d1 = thickness of the P.E.
and z > d1 . .

This model provided not only a more satisfying picture of the thermal process
produced by the absorption of radiant energy at the retina and choroid, but
also the opportunity to examine systematically the more complicated exposure
situations. Basically, the model proviued a time-history of the volume
temperature distribution in the retina and choroid. The solutions represent _'
the temperature rise above an arbitrary ambient temperature. Shown in Fig-
ures 6 and 7 is the temperature response from a 20-ms exposure with a disc
image 500 Un in diam.

In 1967-1968, Clarke (7) provided a uniform absorption model with an ana-
lytical solution to the steady-state diffusion equation. In the early 1970's,
the time-dependent temperature model was revised, improved, and adapted to
symmetrical noncoherent sources by Mainster et al. (8). Shortly afterwards,
Wissler (9) obtained an analytical expression for the transient temperature
distribution produced in the retina during laser radiation. His analysis
included: tissue layers with different physical properties; energy absorption
in the sclera, as well as pigment epithelium (P.E.) and choroid; removal of
heat from the tissue by blood circulation; and variation in the light source
with time. The results were still limited, however, in that they permitted
only the prediction of a time history of temperature distribution, with reti-
nal injury being examined in terms of a maximum-temperature damage criterion.

Temperature and the Damage Integral

In the mid-1970's, Takata et al. (at the Illinois Institute of Technol-
ogy, Research Institute (10)) revised and generalized the model, adapting it
to coherent radiation for the U.S. Air Force. At this point in the evolution
of the model, the geometry was as shown in Figure 8.

The model used an exponentially stretched grid in a cylindrical geometry,
and variable internal sources and thermal properties. Boundary conditions for
equation (3) were:

T(R,z,t) = 0, 2
T(r,±Z,t) = 0,

T(r,z,O) = 0.

The values of R and Z were equal to 1 cm. The irradlance at the front surface
of the P.E. was equal to the radiant energy entering the eye, multiplied by a ...

wavelength-dependent transmission coefficient for the cornea, lens, ocular
fluids, and retina.

13
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Figure 8. Geometry of heat conduction model of the ocular fundus.

This version of the model had: a heat sink to simulate convection of
heat by blood flow; nonuniform absorption in a homogeneous P.E., through
absorption by a distribution of discrete pigment granules in the P.E.; and an
option to specify the distribution of energy at the retina, or to use a dis-
tribution of energy at the retina which approximates that produced by a highly
collimated coherent source focused by the eye. In addition, Henriques' damage
integral (11) was coupled to the temperature calculation to allow systematic
assessment of injury in terms of the temperature rise history (Fig. 9).
Emphasized in Figure 9 is the interrelation between the source term, heat con-
duction, and rate process portions of the model.

THERMAL
GEOMETRY PROPERTIES

RETINAL""-

SHEAT ENERGY HEAT TEMPERATURE RATE

LASER RETINAL SOURCE TRANSFER - PROCESS 0 DAMAGE
I MODEL)

ABSORPTION
PARAMETERS

Figure 9. Schematic model of thermal retinal damage.
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This model of the thermal mechanism of retinal injury appears adequate
for our basic knowledge of the anatomy of the eye, its thermal properties,
blood flow, pigment distribution, and absorption coefficients. This is not to
say that all of these properties are adequately established--or that the
limits of biological variation are known. Questions still exist, in
particular, concerning the value of the spectral absorption coefficients of
the P.E. and the choroid, the distribution of energy on the retina produced by
a highly collimated laser beam, and the values of the rate process damage
coefficients.

Absorption Coefficients--Coogan et al. (12) and Gabel et al. (13)
provided the only two sets of measured absorption coefficients of the P.E. and
separate choroid in rhesus and human retinal tissue (Fig. 10). In the studies
of Coogan and Gabel, the thicknesses of the rhesus P.E. samples were,
respectively, 12 lm and 4 um. Choroid thicknesses were approximately equal
with a value of 170 um.

5000

COOGAN, et al1

E 4000 GABEL. et al' 
3

S3000

5 2000 PIGMENT EPITHELIUM

-0~

0400 500 600) 700 goo 900 1000 1100)1200 1300
WAVELENGTH (nm)

Figure 10. Absorption coefficients for rhesus monkey fundus.

Retinal Energy Distribution--In their version of the model, Takata et
al. (10) used the following equation, developed by Weigandt, to calculate the
normalized irradiance at the retina:

f P J f -FI(p)-F (P)*p dpi

H(o) =~f 0 P(P) 0 (27fr. (7

17



in which

a = pupil radius (cm)

f= fo - p (cm)

fo = second principal focal length at a reference wave-
length of X0 (cm)

Fj(p) = function accounting for defocusing (chromatic and

geometric)

F2 (p) = function accounting for spherical aberration

JO = zero order Bessel function of first kind

p = distance of pupil from second principal plane (cm)

r = radial distance in retinal plane (cm)

X, = wavelength (cm)

p = radial distance in pupil plane (cm)

Pc(R) = beam profile at the cornea

Pp(p) .- xPc = profile at pupil plane

where

R = radial distance at cornea

= 1 - pc/Zf

Pc = distance of pupil from cornea

zf = n x zo x fc / (n x Zo - fc), when n x zo > fc

zc = distance from anterior apex of cornea to image plane in the
eye in the absence of the lens

fc= focal length of cornea.

The functions Fj(p) and F2 (p) were given by:

F1(p) = exp (i.Co.p 2 ) (8)

F2 (P) = exp (i.C2.p
4 ) (9)

* 18



while the constants Co and C2 were given by:

2wn 2irn 1/2
Co= 77- 2W= - 2[-f' - Az . (1-cosa) + (f,2 -z 2 sin 2a) ] (10)

C2 = -3.10 6 /X

where

= angle between the refracted beam at the cornea and
the axis of the eye

n index of refraction at laser wavelength X

Here, a, Az, and f can be obtained from the following equations:

f = f.n(n -1)/n (n-I) (II)
0 0 0

tan a a/(f' + Az) (12)

nz O.(f/fo)
Az = 0 fo (13)

n.(z /fo)- (f/fo)

where

f = focal length at laser's wavelength (cm)

no = index of refraction at a reference wavelength X0 (cm)

zo = distance of pupil from waist of laser beam (cm)

Constants required for the optical analysis are presented in
Table 1 (10). The equation accounts for scalar diffraction (using the
Fresnel approximation), spherical aberration, a defocusing function,
and chromatic aberration.

19



L 7 -7 7 -7 ..

TABLE 1. PHYSIOLOGICAL PARAMETERS REQUIRED FOR OPTICAL ANALYSIS
(Takata et al.: Ref.1O)

Parameters Values of parameters (cm)

Human eye Monkey eye

amax 0.-35 -- 6.-5

f0 (at X0 = 500 rim) 2.24 1.68

p 0.135 0.12

f 3.12 2.43

PC 0.31 0.29

Flamant (14) was the first (15,16) to measure the image reflected from
the human retina. In the late 1970's, Robson and Enroth-Cugell (17) used a
fiber-optic probe to measure the retinal image directly at the retinal plane
in anesthetized cats. Soon afterwards, Polhamus and Allen (18) measured the
in-vivo irradiance profile in the rhesus monkey eye (Fig. 11). Measurements
were made for three laser wavelengths (530, 647, and 1060 nm) and two pupil
sizes (2 and 8 m). For the visible wavelengths, the 1/2-power radii were
about 6 lm, although the images contained significant structure within the
profiles.

I

Rate Process Model--For long duration exposure (1 ms to 10 sec), the most
widely used model of thermal tissue damage was the rate process model applied
first by Henriques (11) to porcine skin burns. He hypothesized tissue injury
caused by the thermal denaturation of protein, and based his model on

* ;Arrhenius' reaction rate equation. Johnson et al. (19) examined this equation
and the assumptions required for its use in detail. Tissue damage was
predicted from the following equation:

t -E/RT(r,z,t)

•(rz) A e dt (14)
0

for

A = preexponential constant

E = energy of activation (reflects species sensitivity
to heat) (cal/mol)

20
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T(r,zt) = tissue temperature

R = universal gas constant

= arbitrary criterion for damage (reflects percent
of species that is damaged)

With the assumption that radiation produces a step increase in tissue
temperature and a step decrease when the exposure stops, equation (14) simpli-
fies to the following:

(r,z) = At0 e.'E/RT(r,z,t0 ) (15)

where

tO = exposure duration(s)

1.0, .8i

8 ,s Sx 647 nm

.6 8 mm PUPIL

" 6 EYES.4

\ * AVERAGE

,- ' 90% CONFIDENCE INTERVAL

>. .2 - - MODEL

z S - .
w .1

( .06
' .06

.04

.02

0.1 ,I , 1 I I , 1
1 2 4 6 8 10 20 40 60 80

RADIUS (P m)

Figure 11. Measured images and predicted minimal profiles of intensity

for 647-nm laser light.
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Temperature Measurements

To validate the temperature calculations, Cain and Welch (20)--at The Uni-
versity of Texas in Austin--developed microthermocouples especially designed
for measuring transient temperatures in tissue. Priebe et al. (21) compared
predicted temperatures to measurements in rhesus monkeys for laser exposures
of 0.1 - 10 sec. The average ratio of the model temperatures to their mea-
sured values was 0.77.

In the late 1970's, at USAFSAM, Polhamus (22) measured retinal tempera-
tures from long-term laser exposures of 9, 100, and 1000 sec; and he compared
the measured to the predicted temperatures--measured at the center of the
image and at various radial distances (Figs. 12 and 13). The measured tem-
peratures associated with threshold lesions were 15% lower than the predicted
temperatures (Fig. 14)--temperatures associated with the lesion radii. Thus,
the model predicted the extent of damage reasonably well, despite significant
differences between predicted and measured temperatures at the center of an
image.

t>n .-0
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.- -MEASURED

MODEL 50
N

8
0
z 0

W 0 20 40
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I
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0
0

N I
S 2-

0 0 I I J

V 0.01 0.1 1.0 10.

TIME AFTER ONSET OF LASER PULSE

(SFC)

Figure 12. Temperature-rise history at the image center, nor-
malized with respect to corneal power for a 9.0-sec
exposure. Retinal irradiance profile is shown in
the insert (Polhamus: Ref. 22).
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Blood Flow

Eichler et al. (23) tested the significance of blood flow on tissue tem-
perature profiles in the late 1970's. Using several different visible wave-
lengths of laser radiation, they radiated living and dead tissue while mea-
suring steady-state temperature rise as a function of depth. Only a 10%
difference was found in the temperature rise between live tissue being sup-
plied with blood and dead tissue. Shortly thereafter, Welch et al. (24) used
a dimensionless solution of the retinal temperature model to determine that,
for exposures of less than 8 sec, blood perfusion reduced temperature rise by
only 10%. Therefore, the prediction of retinal temperature rise and injury
could safely neglect the effects of blood flow.

Asymptotic Retinal Thermal Injury

The thermal model is normally solved numerically; however, the asymptotic
nature of the solution lends itself to a graphical approach. To predict dam-
age, one need only determine the energy required to produce a "threshold" tem-
perature rise profile at a given lesion radius. That threshold temperature
rise is one which will, when subjected to Henriques' damage integral, predict
irreversible injury. The threshold exposure is then:

Q = Tt/VrA (16)

for

Qt = threshold retinal exposure (J/cm2 )

Tt = threshold temperature rise at the lesion radius (°C)

Vr = normalized temperature rise at the lesion radius (°C/J)

A = aperture area of 7-mm pupil = 0.38 cm2.

In the absence of a plot of normalized radial temperature profiles from
Gaussian images from which to obtain Vr, minor modification to equation (16)
yields:

Qt= TtRr/VcA (16.1)

for the same definitions of Qt, Tt, and A as for equation (16), and:

Rr = Ratio of temperature rise at the image center to that at the
lesion radius

Vc = normalized maximum center temperature rise (*C/J).
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Thus, to obtain the threshold temperature rise, use can be made of the
asymptotic plot--by Priebe and Welch (25)--of the lesion radius threshold
temperatures (Tt) shown in Figure 15. Figure 15 was derived with rate coef-
ficients obtained from porcine skin burns. Another set of damage coefficients
can be those already mentioned, generated from the data of Figure 14; how-
ever, the difference between the two sets is only 5%. The plot shows the max-
imum temperature at the radius for irreversible injury (w = 1, for this
plot). For instance, the maximum temperature at the lesion radius f r a 1-ms
threshold exposure is 33°C. Using an assumed image size of 25 um 1/e radius,
Priebe and Welch generated this curve with experimental threshold data from
the literature.

cnz
40 -

2O
10

4C. 0 - I I I i i i I I3

. lO ~10-7io 10-6 10 .5 10 . 10 .3 10 .2 10' 100 10' 102 10 3

EXPOSURE DURATION (SEC)'- -;

Figure 15. Asymptotically predicted threshold temperatures at the
lesion radius using the thermal model coupled with the
rate process model--the coefficients in the rate process '
model are A= 3.1 X 1098 sec -  and E = 150,000 cal --
mole-1 (Priebe and Welch: Ref. 25).

(n Z

Model solutions show that 40% changes in image size affect maximum temn-
-: perature rise at the lesion radius by no more than 3% (26). We would expect i':
"; this finding, since the exponential nature of the integrand in Henriques' rate..

process model makes the results highly sensitive to peak temperature instead ..

of the general shape of the temperature-time profile. '

The normalized temperature rise at the center of the image was tabulated
by Mainster et al. (27), and Priebe and Welch (25) later emphasized its asymp-
totic nature (Fig. 16). The curves of Figure 16were cluae yueo
absorption coefficients of 8i = 1425 cm and 82 = 163 cm-1, which are
Coogan et al.'s values for X = 530 nm (121. However, Figure 17 was obtained

0 by use of 8i = 310 cm l and 82 = 53 cm" (27). Though the temperatures will
r" be different due to different absorption coefficients (the center temperature

from Fig. 16 for 2o 1 0 is 100 X larger than that of Fig. 17), the ratios of
center to lesion radius temperature should be relatively unchanged. Model
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vs. duration (Priebe and Welch:

Ref. 25). Refer to Figure 18 for definition of o.

calculations with S1 = 1108 cm 1  and B2 = 145 cm- l  (647 nm, by Coogan (12)) !i

compared to those with I = 360 cm-1  and B2 = 260 cm-1  (647 nm, obtained us- ,-:
1ng the transmission value of Gabel (9) and the thicknesses measured by :~~~Coogan (12)) show their ratios of center ];meature to lesion radius tern-...

(Po~amusG.P., unpublished data)."

This analysis, and particularly the use of Figure 17, is valid only for
salimages (-- 0 urn /e rpadius). To estimate threshold exposures from%larger than 10 um /e radius, the dependence of radial temperature

proile onimage size must be known. Priebe and Welch (28) have normalized
information for uniform profiles, as shown in Figure 18. -

Using information from Figures 15, 16, and ]7, threshold exposures for "
minimal image size were calculated and compared to literature data in Fig-
ure 19. The image was assumed to be either 25 um or 10 urn /e2 in radius, and
the minimum ophthalmoscopically visible lesion to be 12.5 urn in radius. For
the particular example of 1 is, the threshold calculated by equation (16.1)
was 2.9 x 0-s J/cmn. The calculated values are about 50% below experimen-
tal data for 1 ms to 1000 sec, but approximately 40% above experimental data
for exposures shorter than 0.1 ins.

This approach shows agreement between a model of thermal injury and the
general trend of the experimental data between 10-  8 and 10 sec exposure dura-

tion. Unfortunately, the model appears to be limited to single exposures,
since Hemstreet et al. (29) showed that the model did not predict injury from
multiple pulse exposures. Despite this limitation, a modified model has been
used fairly successfully for the prediction of laser damage following single

exposures of the cornea and skin.
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Figure 17. Normalized temperature for a constant exposure and
the point-spread distribution associated with a
6.6-mm pupil diameter. Radial (z=l prn) tempera-
ture distributions are given (Mainster et al.:
Ref. 27).

CORNEAL THERMAL INJURY

In the far infrared (IR) region (i.e., for wavelengths greater than
1400 nm), the mechanism of interaction is generally considered to be ther-
mal--at least at the threshold level; and effects are produced primarily in
the cornea and lens, for very little energy is transmitted to the retina at
these wavelengths. Although a minimal epithelial corneal lesion is not par- --

ticularly significant in terms of a permanent effect on visual function, the
production of stromal injury with associated edema and subsequent collagen
shrinkage is viewed as serious, because extended or permanent loss of visual.

* capacity can be involved--as shown by Gallagher (30).

Safety standards for corneal exposure to laser IR radiation have been
developed on the basis of the production of a minimal epithelial corneal
lesion, visible within about one hour, and with a slit lamp being used for the

*examinations. Typically, such a lesion would appear as a greyish cloudy
area--a small opacity, or a "stippling" being located within the irradiated
area. Maximum permissible exposure levels (MPE) were established by using a
suitable safety factor, generally around ten, below the value of the exposure
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Figure 18. Dimensionless temperature vs. dimensionless radial diitance

for uniform irradiance profile. Here: 0 = Tk/aHo ; n =

r/a; and $ z; T x temperature rise (°C); K = thermal
conductivity (cal/cm - s - *C); 03 = absorption coefficient i
at wavelength X, for a single layer of the retinal-choroid

comle 2(c-1 o - center retinal spectral irradiance
(comlexcm-'s); a_= radius of a Gaussian image at the 1/e

point, or the radius of a uniform image; r = radial dis-"-
tance in the image (cm); z = axial distance (cm); =time "

(sec); and Pc = volumetric specific heat (cal/cm - C)
(Priebe and Welch: Ref. 28).
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Figure 19. Model predictions for 25- and lO-pm image diameters com-
pared to experimental observation of a minimum visible le-
sion of 25 um I/e 2 diam. (with Henriques' rate constants).

(in terms of energy per unit area) that produced the minimal lesion. Although
only a relatively small body of experimental data was available upon which to.I
formulate standards, a well-developed understanding of thermal heating phen-
omena existed to guide and assist in estimating safe exposure levels. As a re-
sult, both of the wide range of wavelengths potentially producible by lasers

in the IR region, and of the relatively broad and irregular IR absorption
spectra of the cornea, aqueous, and lens, an ANSI standard was devgloped that
was independent of wavelength in the spectral region of 1.4 to 10 Pm. This
standard, which still applies, has only one exception: a wavelength of
1.5 um--the wavelength produced by an erbium laser (Fig. 20).

The work by Gallagher (30) stimulated an interest in predicting different j
degrees of corneal injury. The retinal thermal model, structured to accommo-
date various layers of absorbing tissues, was rather easily adapted to calcu- . .

lating temperatures in the cornea and in the other clear media of the eye.
Takata et al. (10) accomplished this adaptation in 1974 by introducing anatom-
ical and physical properties appropriate to the various layers of the clear
media (Fig. 21) in place of those for the retina and choroid (Table 2). This
model assumed an air interface with the tear layer, but considered transfer of
heat at this boundary only by conduction. From the work of Boettner (31) and
Maher (32), absorption coefficients for the clear media were available
Fig. 22). This corneal model also included provision for injury assessment,
using the Henriques damage assessment technique.
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Figure 20. Safety standards for the cornea.

TABLE 2. PHYSIOLOGICAL PARAMETERS USED FOR CLEAR MEDIA ANALYSIS
(Takata et al.: Ref. 10)

Ocular structures Thicknesses (cm)

Monkey Man

Tear layer 6 x 10 -2 6 x 10 - 2
Cornea 5.16 x 102 5.86 x 10-2
Aqueous humor 2.9 x 10"1 3.1 x 10"'
Lens 3.5 x 10-' 3.6 x 10-1
Vitreous humor 1.157 1.697
Pigment epithelium 1.2 x 10- 3  1.4 x 10- 3

Chorio-capillarls 1.0 x 10-  1.2 x 10-

Choroid 1.68 x 10-2 1.42 x 102
Sclera 1.0 x 10"1 1.0 x 10- -
Corneal surface to second
principal plane 1.70 x 10' 1.75 x 10-1

- Corneal surface to pupil 2.9 x 10- ' 3.1 x 10- '
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Figure 22. Absorption coefficients for the rhesus
ocular media (Maher: Ref. 32).
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In 1975-1977, Egbert and Maher (33) conducted an extensive analysis of
the relationship between corneal injury "thresholds" experimentally determined

.* and corneal temperature predictions in which the corneal thermal model was
used. Egbert considered threshold production for three types of thermal cor-
neal injury: (a) minimal epithelial lesion, defined as "the appearance of a
relatively faint greyish-white stippled area within 1-2 hours"; (b) stromal
opacity, observable as a clouding or an opacity within 1 hour postexposure;
and (c) epithelial vaporization or perforation with severe stromal injury
(crater formation, bubbles in the stroma, or perforation into the aqueous),
observable immediately postexposure. He found that experimentally determined
"thresholds"--more specifically, the exposure doses for which the probability
for lesion formation was 50% (ED50)--for the various types of corneal injury
could be fairly well characterized by a "critical peak temperature." From his
calculations using the model, the various thresholds were found to vary in-

* versely with the absorption coefficient at lower values of the absorption
coefficients, but appeared to be independent of them for large values of the
absorption coefficient; i.e., >1000 cm-'. He also observed that thresholds
were inde endent of the radius of the incident beam for radii greater than
about 10 cm. Further, for exposures less than about 10-  to 10-  sec,
thresholds were independent of exposure durations. For exposure durations
greater than about 1 sec, the thresholds appeared to be directly proportional

- to exposure duration.

In summary, Egbert and Maher (33) found the various threshold estimates
made with the thermal model were within a factor of 0.3 to 10 of the mean
experimental values. Of specific interest, he found calculations using the
damage integral technique for epithelial lesion prediction were on the average
within 3 percent of the average experimental value, and that 90 percent of
these predictions were within a factor of two of the experimental values.

During 1976-78, Mikesell (34) examined the production and "repair" of I
corneal injury produced by CO2 laser radiation (10.6 pm). In this study, he
used Dutch-belted rabbits, and a continuous wave (CW) laser having a beam
diameter at the l/e point of 2.6 mm. All exposures were of 0.5 sec duration.
He considered four types of injury: (a) minimum visible lesions observable
with a bioslit lamp within 30 min of exposure; (b) visible lesions at
specified times, up to 1 year; (c) changes in corneal curvature during the

4I 1-year observation period; and (d) corneal heterogeneity (i.e., opacities or
heterogeneous indices of refraction within the cornea). The results are
summarized in Table 3 for the presence or absence of a visible lesion. He
found that, with time, corneal curvature changes (measured in diopters)
occurred in all groups (including the control group, as expected). Further,
he found that these changes consisted of both decreased and increased corneal
curvatures--including the exposed and control groups. However, the average
change occurring in the exposed group showed a slow decrease, or flattening of
the curvature, with time up to one year--with the most pronounced average
flattening being associated with corneas that had received the higher
exposures. The number of corneas showing changes greater than expected
(relative to the control animals) was significant and the size of many of the
measured changes indicated that significant effects on visual acuity could be

, expected.
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TABLE 3. ED5 0 VALUES OF AVERAGE POWER FOR CORNEAL LESIONS
AFTER EXPOSURE TO 10.6-pm RADIATION

Postexposure Number of ED50  95% Confidence

time eyes (watts) limits

30 min 144 2.1 1.8 - 2.3

1 day 138 2.3 1.9 - 2.6

7 days 138 2.8 2.3 - 3.2

30 days 134 4.9 4.2 - 5.6

90 days 132 8.6 6.8 - 15.2

180 days 131 11.1 8.2 - 32.0

270 days 127 11.1 8.2 - 34.0

365 days 120 9.9 7.7- 21.3

Laser beam radius = 2.65 mm at 1/e point.
Duration of all exposures = 0.5 sec.

Finally, using a hand-held ophthalmoscope to examine the fundus
reflection for a lack of homogeneity, Mikesell (34) determiined the threshold
for corneal heterogeneity at 1 year to be 7.25 joules/cm2. The measured
thresholds for each type of injury were more than a factor of 10 above the
corresponding ANSI maximum permissible exposure. Interestingly, the ratio of
ED50 for corneal heterogeneity to the ED5 0 for a minimum visible lesion within
30 min was 1.5. If, as Mikesell recommends, the indication of permanent
injury is taken as corneal heterogeneity at 1 year, the ED5 0 for just visible
corneal stippling, which is repairable within a day or two, is not far removed
from that for permanent injury. However, the effect of corneal heterogeneity
on visual function, as observed in these experiments, has not been shown.

On the bases of thermal models, Reed (35) and Vos (36) independently
developed equations describing standards for eye safe exposures, in the IR
region between 1.4 um and 106 pm, which take into account the wavelength
dependence of energy absorption in the corneal tissues. Such a modification
of the laser safety standards appears quite attractive, since the current
standards do not consider the rather significant wavelength dependent effects.
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Shown in Figure 23 are curves developed by Reed (35) predicting minimum
epithelial corneal lesions, along with experimental data cited by Egbert and -
Maher (33). The two data points indicated by diamonds were obtained by
Mueller and Ham (37) for CO2 radiation, and correspond to the observation of
light stippling at 48 hours postexposure--visible only with fluorescein stain-
ing of the cornea.

10 --T - T -- T--

10- 1.541Am (ERBIUM)

1 - 3.72pm(Df)

0 - 10.6 I m (C02)

2- 10.6 p m (48 HOUR STIPLING)
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Figure 23. Comparison of experimental and theoretical (eq. 3)
lesion thresholds for three absorption coeffi-
cients. Curves were developed by Reed (Ref. 35);
and data points are as cited by Egbert and Maher
(Ref. 33) for 10-8 - 102 sec.

Presented in Figure 24 are standards, as proposed by Reed (35), that can
be compared with the current ANSI standard (Fig. 20). The two observations by
Mueller and Ham (37) are also shown on Figure 24. Sliney (38) has taken the
position that these two values may be the result of acoustic phenomena, or of
some other mechanism operating at the very short exposure times involved.
However, fluorescein uptake is known to be a more sensitive detector of in-

' jured tissue, especially 48 hours postexposure. Taboada et al. (39) found
that detectable changes, when fluorescein had been used, could be observed at
about one-twentieth of the dose that produced changes detectable without
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Figure 24. Proposed corneal safety standards (Reed: Ref. 35; and
Vos: Ref. 36)

fluorescein at 2 hours postexposure for 248 nm, 50 ns radiation. In our view,
had Mueller and Ham (37) employed the same criteria for a minimum epithelial
lesion commonly used in most of the earlier work (i.e., the appearance of a
light stippling or cloudiness within 1 hour--visible without staining), the
threshold values would have been more nearly in line with other C02 data.

In any event, additional attention should be given to this portion of the
spectrum, and revision of the IR standards should be considered, either to
provide additional safety factors (as would be appropriate if the Mueller data
were considered in the same light as previous "thresholds"), or to spread the
standards with respect to wavelength, as has been done in the vi.,,le spectrum
and as indicated appropriate by Vos (36), and in the Technical Report by
Reed (35).
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BEYOND THERMAL INJURY

In the last few years, research has shown a pure thermal model to have
* limited application for predicting injury. If exposures longer than a few

seconds are involved, experimental evidence suggests a different mechanism of
interaction--generally referred to simply as "photochemical," for want of a
more definitive understanding of the detailed processes taking place. Un-
doubtedly a region exists in which the photochemical process is thermally mod-
erated to some extent. Recognition of these findings has caused a lowering of
the safety standards for prolonged exposures to visible light, and an intro-

* duction of a spectral dependence which reflects higher sensitivities of the
*: retina as the wavelength approaches the blue end of the spectrum (Fig. 25).

The evidence strongly suggests the photopigments of the detector cells are
involved, and a photochemical process appears to be a likely candidate for the
effects observed after low-level chronic exposures (40,41,42).
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Figure 25. Safety standards for the retina.

At short exposures, of less than approximately 10- 6 to 10- 8 sec, an-
other mechanism appears to become important. This mechanism is the production
of acoustic transients which, if sufficiently large, can produce mechanical

* damage to the delicate retinal structures as well as the underlying choroidal
tissues. Cleary, of the Medical College of Virginia, treated this subject in
detail (43). Again, presumably, a region exists in which near-threshold in-
jury is produced by a combination of thermal and acoustic effects.
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Finally, when the retina is exposed to extremely high powers, such as can
occur in extremely short pulses of less than about a nanosecond, new or dif-
ferent mechanisms (such as dielectric breakdown or multiple photon events) may
occur. These mechanisms are generally reflected in a power-dependent rela-
tionship between threshold and exposure, rather than in an energy-dependent
relationship, and are suspected to involve cellular membranes as well as other
structures (44).

These nonthermal mechanisms apply to retinal effects which occur in the
wavelength region between 400 and 1400 nm. As indicated earlier, primary
effects produced by ultraviolet radiation occur in the cornea and lens. At
325 - 335 nm, however Zuclich and Taboada (45) observed retinal lesions (dis-
colorations) at corneal exposures approximately a factor of 100 below the
threshold for corneal effects observable with a slit lamp. Histological exam-
inations implicate the detector cells carrying the photopigments--again sug-
gesting a photochemical process. Although specific photochemical reactions
may be difficult to identify, they should (in general) display a cumulative
effect, obey reciprocity, and have a wavelength dependence with a long wave-
length cutoff.

Briefly discussed has been possible ocular injury resulting from
the interaction of radiant energy from "bright" lights of various wave-
lengths with varying parts of the eye. Listed in Table 4 are some of the I
bright light sources that can cause eye injury, and the possible consequences
to vision.

CONCLUSION

Man's susceptibility to injury from intense light has required develop-
ment of safety criteria--primarily for the retina, but also for the lens,
cornea, and skin. Historically, investigators have developed retinal safety
data for worst case situations on the basis of minimum visible type lesions
(visible with an ophthalmoscope or slit lamp) and the estimated exposure for
50% probability of lesion occurrence within one hour--suitably adjusted with
safety factors developed using the best information available at the time.
This approach apparently was and is reasonable and appropriate for thermal and
thermal-acoustic interactions. On the other hand, studies dealing with long . .
exposures or low-level repeated exposures may require other endpoints and pro-
cedures. Active study of this subjLct is presently underway.

Current safety standards appear to be carefully conceived and based upon
a large body of empirical information. As has been indicated, however, they
are neither complete nor final, and do not explicitly consider potential
.effects on visual function, the possibility of accelerated retinal aging, or
latent effects.
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